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Cancer is a severe disease that causes a significant number of deaths worldwide every year. Treatments have been available, such 
as cisplatin, to help combat this disease. However, recent studies have shown that the enzyme system glutathione/glutathione 
S-transferases (GSH/GST) can cause resistance of tumor cells to this type of cancer treatment. Fortunately, there are alternatives, 
such as using palladium complexes such as [PdCl(C2,N-dmba)(tu)], which have demonstrated effectiveness against cancer cells. 
However, even these metallopharmaceuticals can be inhibited by GSH/GST system, which can modify the chemical structure of 
the complex and prevent it from working as an anticancer agent. That’s why it’s crucial to study the reaction between the complex 
[PdCl(C2,N-dmba)(tu)] and L-cysteine using techniques such as NMR, mass spectroscopy, UV-Vis spectroscopy, and stopped-flow.
The study of this type of reaction will help researchers understand how these organometallics work in biological systems and how 
we can improve them to treat cancer more effectively.
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INTRODUCTION

Cisplatin has been used since the 1970s as an anticancer agent 
whose mechanism of action involves its interaction with DNA, 
yielding mono adducts and intra- and interstrand cross-links. 
Although its clinical success in the treatment against some types 
of cancer, the toxicity of cisplatin has been a concern. In addition, 
resistant cancer cell lines capable of inactivating it by the GST enzyme 
activity represent another drawback of cisplatin.1,2 

To improve cancer treatment and reduce collateral effects, 
researchers have developed new platinum anticancer agents of 
second and third generations and investigated other metal complexes 
as novel antitumor drugs candidates.3-5 Particularly, palladium(II) 
compounds have appeared as promising drugs against cancer due to 
their structural analogy comparable to the platinum(II) complexes.1,6-10 
Despite the similarities of the coordination chemistry, palladium(II) 
compounds are between 103 and 105 times more reactive than those of 
platinum(II). The rapid ligand exchange of palladium(II) complexes in 
the biological fluid can be unfavorable since their chemical structure 
would be unstable long enough to reach the pharmacological site(s).

The use of chelating ligands has been considered a successful 
strategy to reduce the lability of bioactive palladium(II) complexes.11,12 
In this context, the biological effects of palladacycles bearing a five-
membered ring “(C2,N)Pd” have been the subject of many studies due 
to their well-established enhanced stability in solution.13 Although 
Pd(II) complexes containing chelating ligands have higher stability 
than their analogs with monodentate ligands, they may not be inert to 
the attack of sulfur donor molecules such as L-cysteine or glutathione, 
the last one found at high concentrations in the biological system.14,15 
These sulfur-donor biomolecules have a high affinity for Pt(II) and 
Pd(II) complexes, forming very stable metal-sulfur bonds before 
the drug reaches the DNA and/or other pharmacological target(s). 
Therefore, the formation of these Pt-S or even Pd-S adducts has an 

essential role in protecting resistant cancer cells from the effect of 
the platinum or palladium compounds.1 However, it’s worth noting 
that a metal-sulfur adduct can also act as a drug reservoir, and slowly 
release the active species to DNA, as shown in a recent article.16

The effects of cyclopalladated compounds of the type 
[PdX(C2,N-L)(Y)] (L = orthometallated benzylamines and oximes; 
Y = N, P, S-donor ligands; X = halides and pseudohalides) on tumor 
cells and pathogenic microorganisms have been our research topic 
in the last decade.17,18 Motivated by the role of the reactions of sulfur 
donor molecules with palladium(II) compounds on their bioactivity, 
we have chosen L-cysteine as a model compound to investigate these 
interactions with the complex [PdCl(C2,N-dmba)(tu)] (dmba = N,N-
dimethylbenzylamine; tu = thiourea). Cyclometallated compounds 
of the formula [PdX(C2,N-dmba)(tu)] (X = Cl-, Br-, I-) have been 
demonstrated to be active against LM3 and LP07 tumor cell lines and 
Mycobacterium tuberculosis.12,17,19,20 Thus, studying the interaction 
between cyclometallated Pd(II) complexes and thiols in solution 
could give us not only more information about their reactivity towards 
sulfur-donor biomolecules, but also help us design new complexes 
with improved bioactivity and possible lower side effects. 

In this work, we investigated the reactions between the 
complex [PdCl(C2,N-dmba)(tu)] and L-cysteine using UV-Vis 
spectrophotometric, NMR, and stopped-flow techniques.

EXPERIMENTAL

Reagents and solutions

Organic solvents such as methanol, chloroform, and n-pentane of 
analytical purity were purchased from Merck. The reagents thiourea 
(Merck), N,N-dimethylbenzylamine (Aldrich), PdCl2 (Degussa), 
were employed without further purification. The compound 
[PdCl(C2,N‑dmba)(tu)] was prepared according to the methods 
published in the literature and its characteristics checked by UV-Vis, 
NMR, and IR spectroscopies techniques.12
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Instrumentation

The 1H and 13C{1H}  NMR spectra were measured in DMSO 
solutions, whose residual solvent signal was employed as an internal 
reference and recorded in Fourier transform mode on a Bruker 
Multinuclear Spectrometer, model Avance III HD 600, operating at 
600 MHz (14.1 T) at 298 K. UV-Vis measurements were performed 
in a 1.0 cm quartz cell on a Hitachi U3501 spectrophotometer. The 
compounds were prepared in Tris-HCl buffer (5 × 10-3 mol L-1 Tris‑HCl  
and 50 × 10-3 mol L-1 NaCl, pH 7.4) with 5% DMSO. During the 
kinetics experiments, the temperature was controlled within ± 0.2 ºC 
using a Tecnal TE 184 thermostat. The changes in the absorbance 
at 330 nm of the UV-Vis spectrum of the solution were monitored 
in an Applied Photophysics SX-18MV stopped-flow spectrometer. 
The experimental conditions were held constant except for the 
concentration of L-cysteine, which varied from 10 to 50 times 
greater than the concentration of the complex. The experiments were 
performed over a pH of 7.4 at 25 °C.

The manipulations of air-sensitive complexes were performed 
under an argon atmosphere. The ESI mass spectrometric 
measurements were performed on an ion trap instrument. The ESI 
parameter for the reaction solution was of source voltage at 5000 V. 
The ion trap mass spectrometer operated in the positive ion mode 
and negative mode. Compounds were dissolved in methanol (to 
obtain a concentration of 10-6 mol L-1). The obtained solutions were 
injected by direct infusion. 

Preparation of the complex [PdCl (C2,N-dmba) (tu)]

A 10 mL chloroform solution of [Pd(C2,N-dmba)(μ-Cl)]2 (0.10 g; 
0.16 × 10-3 mol) was mixed with a 5 mL methanol solution of thiourea 
(0.024 g; 0.32 × 10-3 mol) at room temperature. The mixture was 
stirred for 1 h and the yellow solid formed was filtered off, washed 
with methanol, chloroform, n-pentane, and then dried under vacuum.12

Data treatment 

Kinetics measurements were investigated by following the 
absorbance changes at selected wavelengths. The observed pseudo-
first order constants (kobs) were determined from plots of ln(A∞-At) vs. 
time.14 The specific rate constants, k1 and k-1 were calculated from the 
Equation 1 where L = CySH or CyS–, and the specific second-order 
rate constants were calculated according to the equilibrium equations 
for the respective reactions.

	 kobs = k1[L] + k – 1	 (1)

RESULTS AND DISCUSSION

Characterization of the in situ reaction

In previous studies,12,19 the spectroscopic results of the complex 
[Pd(C2,N-dmba)(Cl)(tu)] were reported and discussed. Mass 
spectrometry, NMR, and electronic spectroscopy were carried out to 
confirm the formation of the compound [PdCl(C2,N-dmba)(tu)] and to 
identify a new complex in solution from its reaction with L-cysteine. 
When L-cysteine (1.0 Eq) was added to the solution containing the 
complex [PdCl(C2,N-dmba)(tu)] (1.0 Eq), an immediate change of 
color tone was observed. The electronic spectrum of the complex 
[PdCl(C2,N-dmba)(tu)] presents a band in 330 nm (Figure 1). The 
addition of L-cysteine to the solution containing the Pd(II) complex 
gives rise to a band with slight displacement (305 nm), indicating an 
ongoing reaction (Figure 1). 

The NMR data strongly suggest an interaction between the 
palladium complex and L-cysteine. The 1H NMR spectrum of the 
complex [PdCl(C2,N-dmba)(tu)] in DMSO presents signals between 
6.7 and 7.3 ppm attributed to the aromatic hydrogens of the ligand 
dmba, which disappears concomitant with the appearance of signals at 
7.59 and 7.46 ppm after the mixture of the reagents. The vinyl proton 
signal changes from 3.93 to 4.25 ppm, and a singlet of the methyl 
groups (2.66 ppm) was observed to displace to 2.70 ppm after the 
addition of L-cysteine. The signals at 8.52 ppm disappear concomitant 
with the appearance of one signal at 7.12 ppm, indicating the release 
of thiourea from the coordination sphere substituted by L-cysteine 
(Figure 2 and Figure 1S).

The solution containing the complex and L-cysteine showed 
typical signals of the dmba group at δ 131.5-129.07 and (Car), 
59.91  (–N–CH2–) and 54.31 [–N(CH3)2] in the 13C{1H} NMR 
spectrum (Figure 2S), as well as signals attributed to the L-cysteine 
coordinated to the metal complex at 3.29, 3.33, 4.21, and 8.69 ppm 
in the 1H NMR spectrum (Figure 1, Table 1).12 The chemical shift 
position of the protons of the NH2 group of the L-cysteine was altered 
from 8.52 in the free ligand to 8.69 ppm in complex-L-cysteine, 
indicating the coordination of the thiol to the metal through nitrogen. 
This effect was also observed by Parish et al.13 Additionally, a strong 
change from 24 (only complex) to 37 ppm (solution with complex 
and L-cysteine) was observed in the 13C NMR spectrum due to the 
interaction between the metal center and sulfur atom of the L-cysteine 
(Table 1). It seems that the coordination of the thiol to the metal does 
not happen through the fragment associated with the carboxyl proton 
found at 10.8 ppm.

Figure 3S displays the ESI-mass spectrum in negative mode of the 
solution containing the complex and L-cysteine. The molecular ion 
peak at m/z 358.99 corresponds to [Pd(C2,N-dmba)(CyS)], indicating 
that both ligands, Cl- and tu, were exchanged by L-cysteine in the 
coordination sphere. The ESI-mass spectrum in positive mode of the 
solution containing the complex and L-cysteine indicates a mass loss 
of 45.02 of the complex [Pd(C2,N-dmba)(CyS)], which corresponds to 
the mass of the carboxyl group of the L-cysteine (Figure 3). Therefore, 
it can be inferred that the coordination of L-cysteine to palladium 
occurs through the sulfur and nitrogen atoms, which is quite different 
from what we have seen in other studies.19,21 Those studies showed 
that cysteine coordinates with palladium complexes via the sulfur 
atom and the carboxylate.19

Kinetics studies

The reaction between the complex [PdCl(C2N-dmba)(tu)] and 
L-cysteine was monitored by a change of the electronic spectra using 

Figure 1. UV-Vis spectra of the reaction between [PdCl(C2,N-dmba)(tu)] 
and L-cysteine in DMSO. Experimental conditions: [Pd] = 1 × 10-3 mol L-1,  
[cys]tot = 1 × 10-3 mol L-1, Tris-HCl buffer (5 × 10-3mol L-1 Tris-HCl and 
50 × 10-3 mol L-1 NaCl, pH 7.4) with 5% DMSO, t = 25 °C (source: elaborated 
by the authors)
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stopped-flow and conventional techniques. After mixing the reagents, 
an increase in the absorbance at 330 nm occurred until it reached a 
plateau after a few seconds (Figure 4).

We have ascribed such change to the formation of the product 
[Pd(C2,N-dmba)(CysS)] (Figure 4). However, other species could be 
formed since several steps of the reaction have been noted. Herein, 
we have analyzed the kinetic data of each step of the reaction and 
proposed a mechanism.

Formation of the [Pd(C2,N-dmba)(RS)(tu)] species

According to the literature on similar platinum and palladium 
complexes, an equilibrium reaction would take place between a 

complex having a halide ligand and an aqua complex, as stated in 
Equation 2.16,21,22 After this equilibrium reaction, the first step of the 
reaction could be proposed as a substitution of the ligand Cl- (or 
H2O) for L-cysteine (Equation 3) via a rate law that is first-order in 
[complex] as well as in [L-cysteine].

[PdCl(C2,N-dmba)(tu)] + H2O  [Pd(C2,N-dmba)(H2O)(tu)] + Cl-	 (2)

[PdCl(C2,N-dmba)(tu)] + CysS-  [Pd(C2,N-dmba)(CysS)(tu)] + Cl-	 (3)

The kinetics for the reaction between [PdCl(C2,N-dmba)(tu)] 
and L-cysteine were studied in buffer 7.4 (5% DMSO), which is 
used in vitro experiments. The solvent DMSO has been used since 

Table 1. 1H NMR data for free L-cysteine and L-cysteine coordinated at 298 K, in DMSO

Number
Free L-cysteine L-cysteine coordinated

1H (ppm) 13C (ppm) 1H (ppm) 13C (ppm)

15
2.967 1H dd (15.5, 5.1);  
3.054 1H dd (15.5, 3.8)

24.28
3.286 1H dd (14.6, 6.7);  
3.335 1H dd(14.6, 5.4)

37.31

14 4.214 1H tl (4.4 Hz) 53.87 4.207 1H tl (5.7 Hz) 51.24
12 8.516 2H sl - 8.689 2H sl -
16 - 169.17 - 169.57
Source: Elaborated by the authors.

Figure 2. 1H NMR spectrum of the reaction between [PdCl(C2,N-dmba)(tu)] and L-cysteine in DMSO (source: elaborated by the authors)

Figure 3. Mass spectrum of the reaction between [PdCl(C2,N-dmba)(tu)] and L-cysteine. Positive mode (source: elaborated by the authors)
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the complex [PdCl(C2,N-dmba)(tu)] is not entirely soluble in water.12

The kinetics experimental conditions followed the pseudo-first-
order method, meaning that the L-cysteine present in the reaction 
medium was in excess, and the effective change in [CysS] was small 
during the kinetics experiment. Based on the experimental data and 
information of pKa of the cysteine reported in the literature,14,23 a 
substitution reaction of the ligands for a thiol sulfur atom is illustrated 
in Equations (3) and (4).

[PdCl(C2,N-dmba)(tu)] + CysSH  [Pd(C2,N-dmba)(CysS)(tu)] + 
Cl- + H+		  (4)

Since pH of the solution of the reaction is 7.4 and 
pKa of the L-cysteine at 25 °C is 8.3 we can assume that  
[CysS]tot = [CysS‑] + [CysSH], which the kinetic expression can be 
written below (Equation 5): 

	 kobs = k1 + k–1[CysS]tot	 (5)

Figure 4 shows the increased absorption at 330 nm in milliseconds 
of timescale, in which the curve can be fit well to an exponential 
growth function, indicating the rate to be first-order in the limiting 
reagent Pd. A plot of the kobs values against different concentrations of 
[CysS]tot proved to be linear (Figure 4), thus confirming the second-
order rate law (Equation 6) for this step.

	 	 (6)

The overall second-order rate constant (k1) determined in this 
manner is (1.9 ± 0.2) × 102 mol L-1 s-1, which is similar in magnitude 
to the k1 values determined in previous studies for similar systems.5,17

Formation of the [Pd(C2,N-dmba)(RS)] species

We have noted a slower second step of the reaction, which seems 
to be related to the formation of the species [Pd(C2,N-dmba)(CysS)] 
(Equation 7). However, kinetic traces for that step exhibited well fit 
a double exponential function (Figure 5). Thus, kinetics traces show 
more than two steps that do not seem to be L-cysteine concentration-
dependent. The values for the second and third steps are 0.08 and 
0.004 s-1, respectively.

[Pd(C2,N-dmba)(CysS)(tu)]  [Pd(C2,N-dmba)(CysS)] + tu	 (7)

On the other hand, an increase of absorbance in the second 
step of the reaction occurs with an increase in the concentration of 
cysteine, which indicates a displacement of the reaction towards the 
formation of the species [Pd(C2,N-dmba)(CysS)(tu)] in the first step 
of reaction as a consequence would be expected an increase of the 
concentration of the compound [Pd(C2,N-dmba)(CysS)]. The third 
step of the reaction seems to be the slowest studied, which would be 
the entrance of solvent (water or DMSO) on the coordination sphere 
of the palladium (Equation 8). As anticipated, this step of the reaction 
is not cysteine-dependent.

[Pd(C2,N-dmba)(CysS)] + solv  [Pd(C2,N-dmba)(CysS)(solv)]	 (8)

Mechanism of the reaction

Based on the kinetic and characterization data provided, it is 
proposed that the reaction for the formation of [Pd(C2,N-dmba)(CysS)]  
occurs in two steps (Scheme 1). The first step involves an interaction 
between the sulfur atom of L-cysteine and palladium, releasing the 
Cl- ligand. The second step is a cyclization process of L-cysteine 
coordinated to the complex, releasing the tu ligand. This step yields 
the product [Pd(C2,N-dmba)(CysS)], which was identified by NMR 
analysis. The fragmentation of carbonyl from cysteine observed 
on the mass spectrum of the reaction indicates interaction between 

Figure 4. Absorbance as a function of the time (s) for the reaction monitored 
using the stopped-flow technique. Insert: plot of the kobs values against different 
concentrations of [CysS]tot. Experimental conditions: [Pd] = 1 × 10-3 mol L-1,  
[cys]tot = 5 × 10-2 mol L-1, Tris-HCl buffer (5 × 10-3 mol L-1 Tris-HCl and 
50 × 10-3 mol L-1 NaCl, pH 7.4) with 5% DMSO, t = 25 °C (source: elaborated 
by the authors)

Figure 5. Plot of the absorbance vs. time (s). Experimental conditions: 
[Pd] = 1 × 10-3 mol L-1, [CysS]tot = 5 × 10-2 mol L-1, buffer 7.4 (5% DMSO), 
μ = 0.2 mol L-1, t = 25 °C (source: elaborated by the authors)

Scheme 1. Mechanism of the reaction between [PdCl(C2,N-dmba)(tu)] and 
L-cysteine in DMSO (source: elaborated by the authors)
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the metal and thiol by nitrogen (amine). The values of k2(obs) of the 
reaction are independent of [thiol], further supporting the proposed 
mechanism. Additionally, an equilibrium reaction occurs between 
the complex [Pd(C2,N-dmba)(CysS)] and solvent (water or DMSO), 
forming [Pd(C2,N-dmba)(CysS)(solv)] (Equation 8). Unfortunately, 
the species [Pd(C2,N-dmba)(CysS)(solv)] was not detected by 
mass spectrometry or NMR spectroscopy, probably due to its low 
concentration in solution at the experimental condition of this work. 

CONCLUSIONS

Our research has shown that the complex [PdCl(C2,N-dmba)(tu)] 
reacts strongly with L-cysteine, resulting in the formation of [Pd(C2,N-
dmba)(CysS)] in a two-step process. This involves the coordination 
of the thiol by sulfur atom, which releases the Cl- ligand, followed 
by the cyclisation of L-cysteine through an interaction between the 
nitrogen atom, removing the thiourea. Thus, it is important to note 
that the species [PdCl(C2,N-dmba)(tu)] is not stable in the presence 
of thiols, which may cause resistance of cancer cells to the action 
of these complexes in the cell environment. Therefore, we suggest 
conducting a kinetic study of the reaction of this type of compound 
with thiols such as cysteine or glutathione as a crucial step in assessing 
the potential of metal complexes as cancer agents.

SUPPLEMENTARY MATERIAL

Figures 1S, 2S and 3S are available in the supplementary material 
at http://quimicanova.sbq.org.br in pdf format, with free access.
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